Global climate is influenced by the Arctic hydrologic cycle, which is, in part, regulated by sea ice through its control on evaporation and precipitation. However, the quantitative link between precipitation and sea ice extent is poorly constrained. Here we present observational evidence for the response of precipitation to sea ice reduction and assess the sensitivity of the response. Changes in the proportion of moisture sourced from the Arctic with sea ice change in the Canadian Arctic and Greenland Sea regions over the past two decades are inferred from annually averaged deuterium excess (d-excess) measurements from six sites. Other influences on the Arctic hydrologic cycle, such as the strength of meridional transport, are assessed using the North Atlantic Oscillation index. We find that the independent, direct effect of sea ice on the increase of the percentage of Arctic sourced moisture (or Arctic moisture proportion, AMP) is 18.2 ± 4.6% and 10.8 ± 3.6%/100,000 km 2 sea ice lost for each region, respectively, corresponding to increases of 10.9 ± 2.8% and 2.7 ± 1.1%/1°C of warming in the vapor source regions. The moisture source changes likely result in increases of precipitation and changes in energy balance, creating significant uncertainty for climate predictions.
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water cycle | precipitation | sea ice | climate change | deuterium excess T here is increasing interest in the response of the Arctic hydrologic cycle to changing climate because of its potential to influence, or feedback to, future climate change. Modeling studies have identified enhanced transport of subtropical moisture to the Arctic as well as increased Arctic evaporation as potential mechanisms of augmentation of the water cycle (1) (2) (3) . The enhanced hydrologic cycle may feedback to climate change either positively or negatively; both the sign and the magnitude are yet to be determined.
Observational evidence for hydrological acceleration during the past few decades is limited. Direct measurement of precipitation is difficult in the Arctic because of its cold, windy environments (4) . Despite these difficulties, increasing precipitation has been reported for some Arctic locations (5, 6) , and it has been hypothesized that changes in sea ice extent may have significantly influenced precipitation both in the past (7) and today (8) (9) (10) . We report a study of changes in the isotopic composition of precipitation to understand the larger-scale changes of the hydrologic cycle, focusing on moisture source changes. The objective of this work is to assess observationally the effect of sea ice and the moisture transport regime on Arctic precipitation from 1990 to 2012, using the isotopic composition of precipitation from six Arctic stations. In particular, we quantify how the fraction of the total Arctic precipitation that is sourced in the Arctic responds to the sea ice extent. We then use these empirically established sensitivities of precipitation isotope ratios to sea ice change to project potential future precipitation changes and to evaluate impacts of these changes on the energy balance.
Our approach is based on the premise that Arctic precipitation is composed mostly of water from two marine evaporation regions or "moisture sources"-one subtropical and one local-and that the relative contributions of the two sources to the precipitation can be determined from the stable isotopic ratios of the precipitation. We partition the two proportions, using the precipitation deuterium excess (d-excess, defined as d = δD − 8δ 18 O atomic ratios, respectively, from those of the standard mean ocean water), which is an indicator of moisture source conditions, principally the sea surface temperature (SST) and relative humidity (RH) (11) (12) (13) . Moisture from subtropical regions has high d-excess values, indicative of relatively high SST and low RH at the source, whereas locally evaporated Arctic moisture has low d-excess values (14) , indicating low SST and high RH. We hypothesize that precipitation d-excess is positively associated with sea ice area as a consequence of increasing local evaporation and thus increasing proportion of Arctic-sourced moisture with reduction of sea ice.
We use the North Atlantic Oscillation (NAO) index as a proxy for general climate conditions to quantify effects that are independent of the sea ice influence on precipitation. Most importantly, the NAO is associated with the strength of meridional transport (15) , which in turn affects precipitation d-excess by changing the proportion of subtropical moisture in the total precipitation. For example, if winds from the south strengthen, the proportion of moisture transported from the subtropics would increase, thus increasing the d-excess. In addition to meridional transport, the NAO also influences other variables, such as location of the subtropical moisture source region, temperature and humidity along the storm track, etc., all of which may affect the d-excess of precipitation. When holding the NAO constant (statistically), we also effectively remove the influences of these variables, achieving limited contamination to the signal of the direct precipitation-sea ice relationship.
The six sites included in this work were from two regions, the Canadian Arctic (Alert, Eureka, and Cambridge Bay, Canada) and Greenland Sea (Reykjavìk, Iceland, Ny-Ålesend, Norway, and Danmarkshavn, Greenland) (Fig. 1) . We consider all sites within a region to share similar local moisture sources. The Canadian Arctic sites receive most of their local moisture from Baffin Bay (16) and the Greenland Sea sites receive it from the Greenland Sea (17) .
Significance
There has been a growing consensus that a decrease in sea ice would cause an increase in Arctic precipitation because of the potential for increased local evaporation. We quantify the effect of sea ice on the percentage of moisture sourced from the Arctic, using measurements of the isotopic composition of precipitation at six sites across the Arctic. These moisture proportion changes are important in that they indicate systematic adjustment and/or reorganization of the global hydrological cycle with climate change and provide validation for climate models. We explore how much these changes may increase Arctic precipitation and its impact on the energy balance.
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Precipitation Isotope Ratio Observations
For each region, a multiple regression was conducted of the annual d-excess of each region (site mean removed) against the local sea ice extent and the NAO index (Fig. 2) . In the Canadian Arctic, the overall r 2 is 0.39 (P < 0.0001) with a sea ice partial coefficient of 1.38 ± 0.35‰/10 5 km 2 (P = 0.0003) and an NAO partial coefficient of −4.3 ± 0.9‰/unit NAO (P < 0.0001). In the Greenland Sea region, the overall r 2 is 0.33 (P = 0.0006) with a sea ice partial coefficient of 0.91 ± 0.30‰/10 5 km 2 (P = 0.0048) and an NAO partial coefficient of 2.3 ± 0.7‰/unit NAO (P = 0.0011). The uncertainties of the above values are the SEs of the partial regression coefficients, which will be propagated through subsequent calculations. Sources of errors are discussed in more detail in a later section. The sensitivities reported here reflect both long-term temporal trends and multiyear variations in all variables. Although the partial coefficient of sea ice is similar in both regions, the sign of the NAO partial coefficient reverses with region; these contrasting results are critical to the interpretation of physical mechanisms. The partial coefficient for the cross effect of sea ice and the NAO is not significant, and the regression residual does not have a significant serial correlation.
These results show that sea ice extent significantly influences the moisture source of Arctic precipitation. As sea ice extent decreases, d-excess decreases, indicating a relative increase in Arctic sourced moisture contribution. This effect is further demonstrated by the different d-excess sensitivities of Reykjavìk and Ny-Ålesend, which share similar storm tracks (18) but with the latter located at a significantly higher latitude. Of the two, NyÅlesend (NYA) should experience a stronger sensitivity of Arctic moisture increase to sea ice reduction than Reykjavìk (REY) as the sea ice margin retreats. Indeed, a multiple regression of d-excess difference (NYA − REY) against sea ice extent and NAO has a positive partial coefficient of sea ice of 1.47 ± 0.48‰/10 5 km 2 (P = 0.014) (Fig. 3) .
The results in Fig. 2 also show the importance of the NAO phase to the moisture source contributions. However, the relationship between the NAO and precipitation d-excess reverses signs between the two regions. In the Greenland Sea region, a positive NAO is associated with relatively high d-excess values, corresponding to reduced contributions of Arctic-sourced moisture. The opposite relationship occurs in the Canadian Arctic.
The differences between the Greenland Sea and Canadian Arctic responses to the NAO likely result from the opposite NAO influences on meridional moisture transport in the two regions. Fig. 4 shows the differences of the meridional wind anomalies at the 500-hPa level for the five strongest positive and negative NAO years during our study period. When the NAO phase is positive, there are stronger than average southerly winds in the Greenland Sea region, but stronger northerly winds in the Canadian Archipelago. The reverse wind anomalies are seen during the negative NAO phase. This pattern is seen at all pressure levels. With a stronger local flow from the south (north), advection will increase the proportion of subtropical (Arctic) moisture with relatively high (low) d-excess values. The relationship between meridional transport and the NAO phase is consistent with the observed negative (positive) association between d-excess and the NAO at Canadian Arctic (Greenland Sea) sites (Fig. 2) . This relationship has been shown to cause differences in precipitation amount between the eastern and western coastal regions of Greenland (19) and has also been demonstrated to affect the isotopic ratios and d-excess in Greenland ice cores (20) . The same argument applies to the negative partial correlation between the NAO and the NYA − REY d-excess difference (−2.1 ± 1.1‰/unit NAO, P = 0.083, Fig. 3 ), because the northern site is more strongly affected by enhanced meridional transport during the negative NAO phase. Similar results were obtained using the strength of the meridional wind component, rather than the NAO index, as an independent variable in the regression. However, we explain later the advantages of using the NAO.
Arctic Moisture Proportion
The observed effects of changes in sea ice extent on d-excess can be used to determine the sensitivity of the proportion of Arcticsourced moisture to sea ice change. We define the "Arctic moisture proportion" (AMP) as the fraction of the total Arctic precipitation that originated as Arctic evaporation. We further assume that the balance, 1 − AMP, is attributed to subtropical evaporation. To obtain AMP requires an estimate of the d-excess end members for the subtropical-and Arctic-sourced moisture. Following the recommendation of Jouzel et al. (21), we used the isotopically enabled general circulation model (GCM) ECHAM 4 (22) to determine the d-excess value of the vapor originating from the respective sources (Methods). Assuming that the precipitation d-excess is a mass-weighted mean of the moisture evaporated from two end member source regions and that these source signatures are preserved to the precipitation site, the Arctic moisture proportion in the total precipitation can be calculated (using Eq. 1 as described in Methods). The AMP increases by 18.2 ± 4.6% and 10.8 ± 3.6% in the Canadian Arctic and Greenland Sea regions, respectively, per 10 5 km 2 sea ice loss. To convert these sensitivities to percentage change in AMP per degree centigrade of source area warming, we divide them by the regression coefficients of source temperature against sea ice extent (discussed in Methods) for the Canadian Arctic and Greenland Sea, respectively, obtaining AMP changes of 10.9 ± 2.8% and 2.7 ± 1.1%/°C at the vapor sources.
The effect of the NAO, alone, on the AMP can be similarly assessed using the NAO partial regression coefficient. In the Canadian Arctic and Greenland Sea regions, the AMP changes by 56 ± 12% and −28 ± 8%, respectively, per unit NAO increase. If both sea ice extent and NAO were changing, the total sensitivity of the AMP to both variables would differ from the earlier estimates. Although still under debate, there is some evidence that the future warmer climate will have larger-amplitude Rossby waves (23, 24) and thus potentially a more persistent negative NAO phase (25) . If the NAO were to decrease by 0.25 units, for example, a 10 5 -km 2 sea ice reduction would result in increases of AMP by 4.2% and 17.8% in Canadian Arctic and Greenland Sea regions, respectively.
The concept of AMP is important in that it, in one way, indicates systematic adjustment and/or reorganization of the global hydrological cycle with climate change. We emphasize that responses of AMP to sea ice extent and the NAO reported here are based on robust observations of precipitation isotope ratios and a simple mass balance model. This result may be used to validate complex models on the global climate and hydrological cycle. In particular, it would allow for the testing of model output of changes in Arctic evaporation in response to sea ice reduction and meridional transport under different climate scenarios. The AMP also has implications for changes in Arctic precipitation amounts and consequent changes in radiation balance. Quantifying these outcomes requires knowledge of variables that are subject to known and unknown uncertainties. We nevertheless provide the following sensitivity experiments to demonstrate how changes of AMP may act as feedback mechanisms to climate change.
Implications
The first sensitivity experiment is to convert a change in AMP to the corresponding change in the total annual precipitation amount. Obviously, this conversion requires that we know how the subtropical-sourced precipitation amount changes with sea ice extent and with climate change in general. With absence of that information, we compute the response of the total precipitation amount to sea ice change with a 0%, +5%, or −5% change in the subtropical-sourced precipitation amount. Under a scenario where sea ice decreases by 10 5 km 2 , and the subtropical-sourced precipitation amount stays constant (0% change), the precipitation across our sites would increase by 21.1 ± 9.1% (among-site mean ± 1 SD; example calculation described in Methods). If moisture transported from the subtropics were to increase by 5%, the total precipitation increase would rise to 28.2 ± 9.5%. The opposite transport scenario of a 5% decrease yields a precipitation increase of 16.0 ± 8.6%. The above sensitivities of percentage of precipitation increase to sea ice reduction can be converted to the sensitivities to temperature warming at the Arctic moisture source region, using the method described earlier. We obtained 8.1 ± 1.7%, 10.6 ± 2.5%, and 5.6 ± 1.4% /°C with subtropical-sourced moisture changes of 0%, 5%, and −5%, respectively. Bintanja and Selten (3) reported a projected sensitivity of 4.5%/°C for Arctic-wide precipitation responses to warming. Our sensitivity estimates, although not under conditions equivalent to those by Bintanja and Selten (3), are, within error, similar to or slightly greater than their value.
The predicted change in the precipitation amount over the past two decades does not show up consistently in the precipitation records. During the study period, the annual average sea ice extent has decreased by ∼1.5 × 10 5 km 2 in Greenland Sea and 3 × 10 5 km 2 in Baffin Bay. This should correspond to ∼30-60% increase in precipitation if holding other effects constant. However, the precipitation records do not show a significant increasing trend at all six sites. Some sites, such as Reykjavìk, Cambridge Bay, and Eureka, do have an increasing tendency, and similar observations have been reported for other Arctic locations (5, 6). For example, Wong (26) reported a significant 13% per decade precipitation increase based on the weather record at Thule Air Base, Greenland. However, considerable interannual variability and limited record length prevent most apparent trends from being statistically significant. We point out that measuring Arctic precipitation is extremely challenging because of high winds (4). Our method may provide an alternative for assessing regional changes in precipitation amount. Our second sensitivity experiment is to address how the projected precipitation changes impact the energy balance of the Arctic and the global climate system. Precipitation has an effect on land surface albedo (27) . If the additional precipitation falls as snow, it could potentially increase glacial mass and the number of days of high land surface albedo, thus having a cooling effect. Under the scenario of 0% change of the subtropical-sourced moisture, this negative feedback to global warming could have an annualized effect of −1.1 ± 0.2 W/m 2 per degree centigrade of warming (Methods), compared with +3.7 W/m 2 per carbon dioxide doubling as discussed by the Intergovernmental Panel on Climate Change. However, if the increased precipitation fell as rain, it would cause earlier spring melt and/or later onset of autumn snow coverage and a longer low albedo period. This positive feedback would enhance atmospheric warming (27) , likely by a magnitude similar to that of the potential negative feedback. In either case, the resulting radiative forcing likely has an order of magnitude similar to that of the forcing from doubling CO 2 , thus demonstrating that the sea ice feedback to radiation balance through the Arctic hydrological cycle is potentially a major component of climate change. A more thorough study of the seasonal distribution of precipitation increase and the radiative effects of this forcing across different regions of the Arctic is needed to better constrain the sign and magnitude of this effect.
There are other ways by which Arctic evaporation and precipitation may impact the energy balance. Some are well known, such as the impacts from the changing latent heat flux and the radiative effects of increased water vapor; others are less well known, such as the impact on cloud formation and properties (28) . Although detailed discussions on these impacts are beyond the scope of this paper, they further demonstrate the uncertain nature of feedbacks of Arctic sea ice to climate change.
Robustness and Uncertainties
The multiple regressions shown in Fig. 2 explain less than 40% of the total variance in d-excess variations. The remaining 60% unexplained variance contributes to our computational uncertainty and may be derived from several sources. Physically, sources of uncertainty include factors affecting sea ice extent, d-excess, and climate variables that are not fully included in the NAO.
In the analysis, we limit the Arctic moisture source regions to the Greenland Sea and Baffin Bay. It is likely that other Arctic basins do contribute to the precipitation to some degree. These Arctic sources would likely have a similar d-excess end member and thus would not alter the moisture proportions, but they have different sea ice extent variability and trends that could alter the regression analyses. Combining the sea ice extents of other regions in the regression analysis yields significant results, but the strongest relationships occur with the analysis presented. That does not exclude the possibility that alternate moisture sources and their sea ice extents contribute to the precipitation of our sites in some years.
There are a number of factors that affect d-excess but were not explicitly included in our analysis. Different local source conditions, variable evaporation conditions (29, 30) , entrainment of moisture along the storm track, location of the site relative to the storm or storm track/jet stream (31), snow formation (32) , and evaporation/ sublimation or isotopic exchange between vapor and the condensed phase below the precipitating cloud base (33) all have the potential to alter the d-excess in ways that might degrade the simple two-component mixing relationship. The relative importance of these effects remains to be quantified. A single strong storm event could significantly dominate the measured monthly precipitation d-excess value, such as during an atmospheric river event (34) . Kurita (35) showed that the Arctic water vapor during the sea ice growth season had relatively high d-excess values, rather than the hypothesized low value, potentially adding uncertainty to the simple mixing relationship. These high d-excess scenarios are typically not present within the isotopically enabled GCMs but are an important consideration, especially when trying to observe the d-excess-moisture source relationship (or other mixing relationships) on seasonal or even shorter timescales. Furthermore, the relative humidity in the Arctic has been increasing with time (36) . If this change is not correlated with the NAO, it may contribute to the unexplained variation in the d-excess.
To understand the pure sea ice-d-excess relationship, we considered the NAO index to be a better explanatory variable than only meridional winds to be used in the regression analysis, even though the latter also yielded significant results. This is because the NAO represents the general atmospheric state that includes a number of other meteorological variables, such as condensation temperature, ridging and blocking patterns, and source moisture location. When holding the NAO constant in the multiple-regression analysis, we also effectively minimize the influences of these variables.
There are a number of factors that affect atmospheric transport regimes that are poorly represented by the NAO index. Fig.  4 shows that Cambridge Bay and Ny-Ålesend reside near the margins of the major NAO wind changes; thus these sites may have different sensitivities than others in their respective regions (r 2 values of regressions increase significantly if these sites are removed). Other circulation patterns, components of which are not quantified by the NAO, can also affect transport regimes and moisture sources of the Arctic, such as El Nino, the Pacific Decadal Oscillation, the Arctic Oscillation, or the Pacific-North American pattern.
We conclude that the validity of our results is supported by the strong statistical significance in the hypothesized relationships, that the results are unlikely to be biased by climate factors not explicitly included in the analysis, and that they are broadly consistent with an independent modeling assessment (3). The method can be applied to and further tested in other Arctic regions as well as on different spatial and temporal scales, such as on a storm-by-storm basis or with ice core data.
Methods
Precipitation was collected monthly from 1990 to 2012 at the Canadian Arctic sites and from 1990 to 2009 at the Greenland Sea sites or a subset of those years. Each precipitation sample was measured for its hydrogen and oxygen isotopic compositions (expressed as δD and δ
18
O, respectively), and the d-excess is calculated as d = δD -8δ 18 O. Data from the Greenland Sea region were obtained from the Global Network of Isotopes in Precipitation database (37) . The d-excess was annually averaged (January to December) to remove the annual cycle to assess the interannual variations. Years with missing data were removed from the analysis. When data are pooled for the regional analysis, site means were removed from the annual averages.
To compute the d-excess end members at the three respective sources, the isotopically enabled GCM ECHAM 4 (22) data were used. The moisture source regions were the oceanic areas from 60°to 80°N and 50°-80°W for Baffin Bay and from 62°to 82°N and 24°W-10°E for the Greenland Sea. The subtropical moisture source was assumed to be at the subtropical high (STH) (38) . For each source, the specific humidity value of each isotopologue was extracted from the ECHAM 4 output and converted to δD and δ 18 O values, from which d-excess values were obtained. Annual averages were obtained from monthly data for 1990-1999 that overlap with our study period. The Baffin Bay and Greenland Sea sources had d-excess values of 3.2 ± 0.2‰ and 2.5 ± 0.1‰, respectively, whereas the North Atlantic STH d-excess was 10.7 ± 0.1‰. Small variations in the location of these Arctic sources do not change the d-excess by more than 1‰.
Assuming that the precipitation d-excess (d) is a mass-weighted mean of the two end members, the AMP in the total precipitation is given by
Eq. 1 and the partial regression coefficients of sea ice extent were used to determine the sensitivities of AMP to sea ice change. Daily sea ice extents, based on SMMR (Nimbus-7 Scanning Multichannel Microwave Radiometer) and SSM/I-SSMIS [Defense Meteorological Satellite Program (DMSP) Special Sensor Microwave/Imagers and DMSP-F17 Special Sensor Microwave Imager/Sounder] (39), were obtained from the National Snow and Ice Data Center for each basin, and the data were then averaged annually to compare with the isotope ratio data. NAO index data were also acquired daily from the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center over the study period and averaged on annual timescales.
The relationship between sea ice and temperature was obtained to transform the AMP-sea ice partial coefficient to the AMP-temperature sensitivity. The temperature for each respective basin was taken as the ERAInterim [European Center for Medium-Range Weather Forecasting (ECMWF) Reanalysis Interim] 2-m air temperature (40) within the source regions for Baffin Bay and the Greenland Sea defined in the text. The regressions between temperature and sea ice extent yielded sensitivities of -5.99 × 10 4 ± 0.39 km 2 /°C (r 2 = 0.78, P < 0.0001) and -2.45 × 10 4 ± 0.62 km 2 /°C (r 2 = 0.21, P = 0.0002) for Baffin Bay and the Greenland Sea, respectively. The AMP sensitivities to sea ice were then multiplied by the above respective regression coefficients to yield AMP sensitivities to temperature.
To convert a change of AMP to that of precipitation amount, we use NyÅlesend as an example. During our analysis period, Ny-Ålesend received 482 mm/y precipitation. If we use the annual d-excess before 1995, before the large sea ice decline during our study period, the corresponding AMP was 2.6%. Holding precipitation amount from the subtropics constant, a sea ice decrease of 10 5 km 2 , which corresponds to an increase of the AMP of 10.8%, would yield a precipitation increase of 53 mm or 12%. If the amount of subtropical transported moisture increased by 5%, the Ny-Ålesend precipitation would increase by 77 mm or 18%. If there were a 5% decrease of subtropical transported moisture, the precipitation would have increased by 29 mm or 7%. These calculations were done for each site with the mean and SD reported. To convert these sensitivities to a per degree centigrade change, we take the precipitation-sea ice sensitivity multiplied by the regional sea icetemperature sensitivity obtained earlier.
To estimate the effect of changing precipitation on the energy balance, we used the results of Stone et al. (41) on the North Slope of Alaska and the difference in the surface albedo for snow cover and tundra (27) . Stone et al. (41) reported 14 d of melt date delay per centimeter water equivalent of snow. Using this value with the current precipitation amounts at the study sites and the zero transport change scenario projected precipitation increases per degree centigrade of warming, we obtained 1.0-10.8 d of delay in spring melt. At all sites, we assumed that the incoming shortwave radiation reaching the surface is 200 W/m 2 , a conservative value for the Arctic during the spring melt season (42) . The surface albedo change (41) from open tundra (0.17) to a snow-covered surface (0.75) results in a change in the annualized net radiative forcing of −1.1 ± 0.2 W/m 2 (mean and SE among the six sites). These results are based on only a single study conducted in Alaska; applying it to our location introduces some error. However, the result provides an order of magnitude estimate that may serve as a reference point against which other scenarios can be considered.
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